A dislocation-101 2 twin boundary (TB) interaction model was proposed and introduced into discrete dislocation dynamics simulations to study the mechanical behavior of micro-twinned Mg. Strong strain hardening was captured by current simulations, which is associated with the strong TB's barrier effect. In addition, twin size effects with small TB spacing leading to a strong yield stress, were observed to be orientation dependent. Basal slip orientation produces a strong size effect, while prismatic slip does a weak one.
INTRODUCTION
As the lightest structural metal, magnesium (Mg) and its alloys have been of practical interest due to their potential use in automotive, aerospace and defense applications. Magnesium has a hexagonal closed packed (HCP) lattice structure with low crystal symmetry, thus, in addition to dislocation-mediated plasticity, twinning is very common and plays an important role in its plastic deformation [1] . However, a full understanding of the dislocation-twin boundary (TB) strengthening is still lacking. Jiang et al. [2] observed that intersections between primary and secondary 101 2 twins result in significant grain refinement and strong hardening. In addition, Knezevic et al. [3] showed that compression twins in the tension-twinned grains attribute to the hardening behavior. Moreover, Barnett et al. [4] observed the formation of low angle boundaries arising from the dislocation-TB interaction, which act as a source of strengthening. Recently, Fan et al. [5] showed a competition exists between dislocation-TB induced hardening and twinning deformation induced softening.
Over the past two decades, discrete dislocation dynamics (DDD) has been one of the most efficient methods to capture dislocation-mediated plasticity at the micro scale [6] [7] [8] [9] [10] . It has been successfully used to study crystal size effects [11, 12] , grain size effects [13, 14] and intermittent behavior [15] of the FCC and BCC materials. More recently, DDD simulations of Mg investigated a number of important effects including: dislocation junction formation and strength [16, 17] , orientation influence on the grain size effects [18] , micro/nano-pillar plasticity [19] , elastic anisotropy [20] and Peierls stress [21] . Nevertheless, in all these studies, twinning deformation was not considered. However, twinning plays an important and sometimes dominant role in the mechanical behavior of both single crystals and polycrystals. As a result, such DDD simulations without twinning may lead to inaccurate predication of the mechanical behavior of HCP materials. This indicates the importance and urgency of introducing dislocation-TB interactions into the DDD framework to study the deformation twinning.
In order to address the TB strengthening in Mg, we have recently proposed a systematic interaction model between dislocations and 101 2 TBs [5] . The model has been successfully integrated into the 3D-DDD code, ParaDiS [8] . In this work, this model is utilized to study the twin size effects and their orientation influence.
SIMULATIONAL MODEL
A cubical simulation cell having edge length l, with periodic boundary conditions (PBCs) imposed along all three directions is employed, as shown in 2D by the inset in Fig. 1 . A twin lamella having thickness lt is introduced vertically at the center of the simulation cell. In this work, only 101 2 tension twins are considered, as shown by the orientations of the matrix and the twin in Fig. 1 . All current simulations were conducted using the 3D-DDD simulation code, ParaDis [8] . Basic Mg parameters used in the current simulations include: shear modulus, = 17 GPa; Poission ratio, = 0.29; magnitude of <a> dislocation Burgers vector, b = 0.325 nm; axial ratio, c/a = 1.6236; and mass density, = 1738 kg/m 3 . A bi-linear law for the dislocation mobility that is fitted to MD simulations of the dislocation mobility in Mg [22] is employed, as discussed in [5] . In addition, uniaxial straincontrolled loading with a constant strain rate of 5000/s was imposed in the current simulations. Due to the configuration symmetry along the x and z axes with respect to the twin lamella, the loading axis is limited to be on the plane. As a result, two representative loading directions denoted by z, and yz are considered. Loading along the z direction is realized by imposing a strain rate , while the loading is a uniaxial loading that is 45º from either the y or z axis.
Initially, Frank-Read (FR) dislocation sources were randomly distributed within the simulation cell. The initial dislocation source density in all simulations was chosen as ρsrc = 5×10 , and the FR source length was lsrc = 0.26 μm. While dislocation slip on various slip planes is possible in HCP crystals, a dislocations on basal, prismatic and pyramidal I planes as well as c+a dislocations on pyramidal II planes play a predominant role in dislocation mediated plasticity in Mg [23, 24] . Therefore, in the current simulations all dislocation sources were initially assigned on these specific four slip planes with equal numbers, which also agree with previous studies [18, 25] . The experimentally measured Peierls stresses for dislocations on the basal (0.52 MPa), prismatic (39.2 MPa), and pyramidal planes (105 MPa) were introduced into the code. These values are also in good agreement with recent molecular dynamics (MD) predictions [22 , 26] . To account for possible statistical variations due to the random distribution of dislocation sources, each simulation was repeated three times with different initial distributions.
In [5] , we have developed a systematic interaction model between dislocations and 101 2 tension TBs. In that model, geometric and power dissipation rules are specified in details. All the possible incident dislocations (<a>, <c> and <c+a>) from any slip planes (basal, prismatic, pyramidal I and pyramidal II planes) interacting with the 101 2 tension twin boundary were considered.
RESULTS AND DISCUSSIONS
The stress-strain responses of twinned crystals for the two loading orientations are shown in Fig. 1 . Here, the sizes of simulation cells are varied from 0.81 μm to 1.46 μm to study the effects of twin size (TB spacing lt = 0.5l). It can be seen that both orientations show a strong hardening.
For z loading, a strong twin size effect is captured, i.e. smaller is stronger. However, yz loading displays a weak size dependence. In order to identify the influence of the orientation on the twin size effects, the deformation mechanism of each orientation should be investigated. Figure 2 shows the dislocation configurations for these two orientations. In Fig. 2(a) , many parallel dislocations are observed piled-up against the TB during z loading, which indicates that tension TBs are strong barriers to dislocations for this loading. On the contrary, in Fig. 2(b) , dislocation pileups are rarely seen. Instead, many intersecting residual dislocations are observed on the TB. The dislocations on TB are seen to belong to one of two types, straight or curve ones.
To compare the size effect intensities of these two orientations, the yield stress is shown in figure 3 as a function of twin size (TB spacing). In addition, a power-law function is used to fit the simulation data. Clearly z loading displays a strong size effect with a power-law exponent of 1.2, while a weak size effect with an exponent 0.4 is observed for yz loading. It should be noted that in [27] an opposite twin size effect (smaller is weaker) was reported for nano-twinned Mg from MD simulations. This can be explained based on that in the current DDD simulations of micro-twinned crystals TBs are strong dislocation obstacles, however, in the nano-twinned Mg TBs act as favorite for dislocation nucleation [27] . In Fig. 2 (a) during z loading, both the basal planes in the matrix and twin make a 46.85° angle with respect to the loading axis, thus plasticity is facilitated mainly by basal slip. Therefore, all the piled up dislocations are basal <a2> and <a3> dislocations, since the Schmid factor of <a1> is 0. When the first dislocation arrives at the TB, it decomposes into one half <c+a> dislocation and a twinning dislocation. This decomposition is identical to that reported by MD simulations [28] [29] [30] [31] and predicted experimentally [32, 33] . However, the half <c+a> dislocation is a sessile dislocation that will remain on the TB. This residual dislocation has a repulsive interaction with subsequent incident dislocations, which contributes to the dislocation pileups near the TB (see inset in Fig. 2 ). This is one reason for the strong barrier effect of the tension TB. Due to the dislocation pileups at the TB, decreasing the TB spacing leads to strong strengthening through the Hall-Petch effect. That's why a strong twin size effect is observed in Fig. 3 .
According to the orientations shown in Fig. 1 , during loading along the yz direction, the matrix is in a prismatic slip orientation, while the twin is in the harder pyramidal slip orientation. Thus, plasticity is mediated by prismatic <a> dislocations in the matrix. Therefore, the straight dislocations on TB in figure 2(b) are half <c+a> residual dislocations [5] . Furthermore, the curved dislocations are twinning dislocations, which are glissile on the TB since the Schmid factor is nonzero for this orientation. Few dislocation pileups are observed in Fig. 2(b) , indicating a weak twin size effect as shown in Fig. 3 . 
CONCLUSIONS
A dislocation-101 2 twin boundary interaction model that was introduced into discrete dislocation dynamics simulations was utilized to study the twin size effects in micro-twinned magnesium. Strong TB strengthening effect was captured, which was also observed to be orientation dependent. Basal slip orientation results in a strong twin size effect, while prismatic slip exhibits a weak effect.
